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doi:10.1016/jTo evaluate the potential of the green agla Chlorella zoﬁngiensis as a feedstock for biodiesel production, the effects of
nitrogen and phosphate on lipid accumulation and growth of C. zoﬁngiensiswere studied. The maximum speciﬁc growth
rate (mmax) reached 2.15 dayL1 when the concentration of NaNO3 and K2HPO4$3H2O was 1.0 g LL1 and 0.01 g LL1,
respectively. The lipid contents of C. zoﬁngiensis grown in media deﬁcient of nitrogen (65.1%) or phosphate (44.7%) were
both higher than that obtained from cells grown in full medium (33.5%). The highest lipid productivity
(87.1 mg LL1 dayL1) was also obtained from cells grown in nitrogen deﬁcient media, indicating nitrogen deﬁciency was
more effective than phosphate deﬁciency for inducing lipid accumulation in C. zoﬁngiensis. In addition, the feasibility of
cultivating the alga in 60 L ﬂat plate photobioreactors and 10 L bottles outdoors for biodiesel was also tested. It was
found that C. zoﬁngiensis could adapt to ﬂuctuating temperatures and irradiance of outdoors and the highest mmax and
lipid productivity could reach 0.362 dayL1 and 26.6 mg LL1 dayL1 outdoors, respectively. The lipid production potential
of C. zoﬁngiensis is projected to be 31.1 kg haL1 dayL1 in outdoor culture. These results suggested that C. zoﬁngiensis is
a promising organism for feedstock production of biofuel and can be used in scaled up culture outdoors. 2012, The Society for Biotechnology, Japan. All rights reserved.[Key words: Biodiesel; Chlorella zoﬁngiensis; Lipid accumulation; Microalgae cultivation; Outdoor culture; Photoautrophic cultivation]Microalgae are regarded as promising feedstock for sustainable
biodiesel production, because of their high growth rates and high
lipid contents (1,2). Moreover, compared with other oil crops, much
less land is needed to culture microalgae (1). The concept of
producing biodiesel from microalgae has been studied in the past
40 years, but algal biofuel production has not been successfully
commercialized due to high production cost (1,3). Suitable species
of microalgae and adequate cultural methods can increase the
economic feasibility of microalgae-based biodiesel production.
Chlorella has been considered as a promising candidate for
commercial biodiesel production, since the growth rate and lipid
content of many Chlorella strains can reach high level (4,5). In addi-
tion, Chlorella has been cultured on large a scale over 40 years as
health foodor feed inmany regions, suchas Japan, America, Israel and
Taiwan (6). The accumulated knowledge and expertise on massive
cultivation can be helpful in biodiesel production from Chlorella.
Chlorella zoﬁngiensis demonstrated high growth rates under
autotrophic, heterotrophic and mixotrophic conditions (7e9). In
previous research, C. zoﬁngiensis was used for producing astax-
anthin (7e9). Recently, a few studies reported that the lipid content
of C. zoﬁngiensis can reach 52% of dry cell weight (dcw) with
a biomass concentration of 10.1 g L1 under heterotrophic condi-
tion (10,11). Though high cell density can be obtained by hetero-
trophic cultivation, it requires large amount of organic carboning author. Tel.: þ86 27 87647724; fax: þ86 27 68780016.
resses: huzy@ihb.ac.cn, lf1230nc@yahoo.com (Z. Hu).
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.jbiosc.2012.05.007sources (glucose, acetate), which increases the cost sharply in
massive cultivation compared to autotrophic cultivation (12,13). In
addition, previous studies mainly focused on the indoor cultivation
of C. zoﬁngiensis, few study has dealt with the lipid production from
C. zoﬁngiensis for biodiesel under outdoor conditions.
The growth and lipid accumulation of microalgae are affected by
many factors, such as nutrition concentration, CO2 aeration,
temperature, light intensity etc. (2,14e16). Among those factors, the
concentrations of nitrogen and phosphorus present in water are
considered the fundamental factors and have direct inﬂuence on
microalgal growth and lipid accumulation (16). Besides, previous
reports showed that nitrogen deﬁciency and phosphorus deﬁciency
are efﬁcient triggers to induce lipid accumulation in many micro-
algae (2,14,17). Therefore, in order to ﬁnd out the potential of
C. zoﬁngiensis in photoautrophic cultivation for producing biodiesel
feedstock, the lipid accumulation and growth of this alga under
different concentration of nitrogen and phosphate were studied.
Furthermore, by using 60 L ﬂat plate photobioreactors (FPPs) and
10 L bottles, the feasibility of cultivating C. zoﬁngiensis under
outdoor conditions was investigated, and the potential of lipid
production by C. zoﬁngiensis outdoors was assessed.MATERIALS AND METHODS
Algal strain and cultivation conditions C. zoﬁngiensis was collected from
Yadkin River at Forsyth county of North Carolina, USA, and was maintained in BG-11All rights reserved.
FIG. 1. Effect of N (nitrogen) and P (phosphate) deﬁciency on lipid accumulation of
Chlorella zoﬁngiensis. Nþ Pþ (full medium, control group); NPþ (N deﬁciency); NþP
(P deﬁciency). Data are reported as mean  standard deviation of triplicates.
TABLE 1. Lipid content, dry weight, biomass productivity and lipid productivity
of C. zoﬁngiensisa.
Lipid content
(% dcw)
Dry weight
(g L1)
Biomass
productivity
(mg L1 day1)
Lipid
productivity
(mg L1 day1)
Indoorb
NþPþ 33.5  2.4 5.99  0.14 196.1  3.0 68.1  1.8
NPþ 65.1  3.0 3.87  0.11 117.6  1.9 87.1  2.0
NþP 44.7  2.2 3.07  0.09 88.0  2.2 44.7  1.3
Outdoorc
NPþ 41.3  2.3 0.90  0.03 49.3  1.0 26.6  0.7
a Data are represented as mean  standard deviation of triplicates.
b Data obtained from 27-day indoor culture in 2.8 cm diameter column.
c Data obtained from 14-day outdoor culture in 60 L ﬂat plate photobioreactors.
406 FENG ET AL. J. BIOSCI. BIOENG.,medium. The carbon sources were Na2CO3 (20 mg L1 in BG-11) and CO2 presented in
the air.
Indoor experiments: cells at exponential phase were inoculated into columns
(diameter: 2.8 cm; culture volume: 250 ml) and cultured under continuous ﬂuo-
rescent light (100 2 mmol m2 s1) at 25C. The aeration (air only) was 0.6 L min1
for each column (the air was ﬁltered through microporous ﬁltering ﬁlm with pore
size of 0.22 mm.
Outdoor experiments: the photobioreactors used in outdoor cultivation were
60 L ﬂat plate photobioreactors (made of glass; FPPs: length  thickness 
height ¼ 90 cm  17 cm  45 cm) and 10 L cylindrical glass bottles (diameter:
21 cm). The light source was natural sunlight (the range of irradiance was
100e1900 mmol m2 s1). The average irradiances outdoors were more than
1000 mmolm2 s1 (during the day). Air was provided for each photobioreactor from
6:00 am to 6:00 pm at 4 L min1. No additional CO2 was supplied.
Dry weight determination The cells were collected by ﬁltering algal culture
onto pre-weighed Whatman GF/C ﬁlter paper (0.45 mm pore size; diameter 47 mm),
andwashedwith distilled water. Then the cells on the ﬁlter paper discs were dried in
oven at 105C until the weight was constant (18).
Chlorophyll a concentration measurement Sample (V1 ml) was collected
on Whatman GF/C ﬁlter paper (0.45 mm pore size; diameter 25 mm), and froze at
20C for 24 h. Then V2 ml hot (80C; 90% v/v) ethanol was added, and the cells
were extracted in 80C water bath for 2 min, then kept in dark under room
temperature for 6 h, followed by centrifugation at 3000 g for 5 min. The optical
densities of the supernatant were measured at 665 nm and 750 nm as E665 and
E750. Two drops of 1 mol/L hydrochloric acid was then added, and its optical
densities at 665 nm and 750 nm were determined again as A665, A750 (19).
Chlorophyll-a concentration was calculated using the following equation:
Chlorophyll-a (mg L1)¼ 27.9V2 [(E665eE750) (A665eA750)]/(V1 Lp) (1)
where Lp (cm) is light path of cuvette.
Total lipids measurement Total lipids were extracted following the protocol
of Bligh and Dyer (20). The cells (10 ml) were collected by centrifuging at 4000 g for
5 min. Then 2 ml chloroform, 4 ml methanol and 1.6 ml distilled water were added,
and the sample was kept in dark for 24 h under room temperature
(photodegradation of some pigments included in total lipids can be occurred under
the condition of light) (19). The extracts (supernatant) were collected into a pre-
weighed glass tube (M1 g) after centrifuging at 4000 g for 5 min. Then, 2 ml
methanol and 1 ml chloroform were added into the sample, and kept in dark for
24 h again. The extracts were also collected into the same pre-weighed glass tube
after centrifuging at 4000 g for 5 min. Then 3 ml chloroform and 3.8 ml distilled
water was added into the extracts for phase separation. The top layer was removed,
and the bottom layer was dried with N2. The residue and glass tube were further
dried under oven at 105C until the weight was constant (M2 g). Lipid content was
calculated by subtracting M1 from M2, and was expressed as % of dry weight.
Calculations on speciﬁc growth rate and biomass productivity The
maximum speciﬁc growth rate (mmax) was calculated according to
mmax¼ (ln x2  ln x1)/(t2 t1) (2)
where x2 and x1 are the dry weight (g L1) at time t2 and t1, respectively. The biomass
productivity (P) was calculated according to
P¼ (DWxDW1)/(Tx T1) (3)
where DWx and DW1 are the dry weight (g L1) at time Tx and T1 (the ﬁrst day),
respectively.
RESULTS
Effects of nitrogen and phosphate deﬁciency on lipid
accumulation of C. zoﬁngiensis indoors To evaluate the
ability of C. zoﬁngiensis to accumulate lipids under photoautrophic
conditions, cells grown in full BG-11 medium were inoculated into
nitrogen (N) or phosphorus (P) deﬁciency medium, respectively,
with an initial dry weight of 0.694 g L1. Three different treatments
were set up: NþPþ (full medium, control group); NPþ (nitrogen
deﬁciency); NþP (phosphate deﬁciency).
Fig. 1a shows the changes of lipid content in C. zoﬁngiensis. The
lipid content increased a little in control group (NþPþ), from 24.1%
(dcw) to 33.5% (dcw), while deﬁciency in N or P individually
signiﬁcantly promoted lipid accumulation. The highest lipid
content (65.1%) was obtained under N deﬁciency among all the
groups (Table 1), indicating the ability of C. zoﬁngiensis toaccumulate lipids. The ﬁnal lipid content in NþP group was 44.7%
(Table 1), showing that P deﬁciency was also a suitable condition
for lipid accumulation in C. zoﬁngiensis. The lipid content under N
deﬁciency was signiﬁcantly higher than that under P deﬁciency,
indicating that N deﬁciency was more effective than P deﬁciency
for promoting lipid accumulation in C. zoﬁngiensis.
The highest lipid productivity (87.1 mg L1 day1) was also
achieved under N deﬁciency condition (Table 1). However, the lipid
productivity (44.7 mg L1 day1) under P deﬁciency was obviously
lower than that in control group (68.1 mg L1 day1), due to much
lower biomass concentration and biomass productivity obtained in
P deﬁciency (Fig.1b; Table 1). Since the growth of C. zoﬁngiensiswas
evidently limited under N deﬁciency or P deﬁciency conditions, the
biomass concentration and biomass productivity of C. zoﬁngiensis
were much lower under N deﬁciency or P deﬁciency conditions
compared to the control group (Fig. 2b; Table 1).
Growth of C. zoﬁngiensis under different N and P
concentrations To investigate the growth characteristics of
C. zoﬁngiensis, the effects of NaNO3 and K2HPO4$3H2O concentra-
tions on cells growth were studied. C. zoﬁngiensis cells were inoc-
ulated into columns with initial cell dry weight of 0.0078 g L1.
Fig. 2a shows the growth curve of C. zoﬁngiensis with different
NaNO3 concentrations (0 g L1, 0.1 g L1, 1.0 g L1, 1.5 g L1, 3.0 g L1,
FIG. 2. The growth of C. zoﬁngiensis under different nitrogen and phosphate concentrations. Data are reported as mean  standard deviation of triplicates. (a) Dry weight changes
with time under various concentrations of NaNO3: 0 g L1 (open diamonds), 0.1 g L1 (open squares), 1.0 g L1 (closed triangles), 1.5 g L1 (open circles), 3.0 g L1 (open triangles),
6.0 g L1 (closed circles); (b) The mmax of C. zoﬁngiensis under different concentrations of NaNO3; (c) Dry weight changes with time under various concentrations of K2HPO4$3H2O:
0 g L1 (open diamonds), 0.01 g L1 (open squares), 0.04 g L1 (closed triangles), 0.2 g L1 (open circles), 0.5 g L1 (open triangles); (d) The mmax of C. zoﬁngiensis under different
concentrations of K2HPO4$3H2O.
VOL. 114, 2012 BIODIESEL FEEDSTOCK FROM C. ZOFINGIENSIS 4076.0 g L1). The concentration of K2HPO4$3H2O was 0.04 g L1. The
cells grew a little at 0 g L1 of NaNO3, perhaps therewere remaining
intracellular and rudimental nitrogen sources to support such
minor growth. The cell growth improved evidently as NaNO3
concentration increased from 0 g L1 to 0.1 g L1 and 1.0 g L1.
However, there were no further increase of dry weight as NaNO3
increased from 1.0 g L1 to 1.5 g L1 and above. C. zoﬁngiensis at
1.0 g L1 NaNO3 achieved the highest mmax (2.04 day1) and
maximum biomass productivity (270 mg L1 day1) (Fig. 2b;
Table 2).
The effects of K2HPO4$3H2O concentrations (0 g L1, 0.01 g L1,
0.04 g L1, 0.2 g L1, 0.5 g L1) on the growth of C. zoﬁngiensis are
shown in Fig. 2c. The concentration of NaNO3 was set as 1.0 g L1
based on the results from the previous section. There were only
a little increases of dry weight with 0 g L1 K2HPO4$3H2O, while
quick growth was observed when cells were inoculated at all other
four concentrations of K2HPO4$3H2O. When the concentration of
K2HPO4$3H2O increased to 0.01 g L1, the cells reached the highestTABLE 2. Speciﬁc growth rate (mmax), doubling time, maximum biomass productivity
of C. zoﬁngiensis grown indoor and outdoora.
Photobioreactors mmax (day1) Doubling time
(h)
Maximum biomass
productivity
(mg L1 day1)
Indoor
Column 1b 2.040  0.034 8.2  0.23 270  4
Column 2c 2.150  0.031 7.7  0.18 210  4
Outdoord
60 L FPPse 0.362  0.012 45.9  0.95 42  1
10 L bottles 0.300  0.010 55.1  1.02 36  1
a Data are represented as mean  standard deviation of triplicates.
b NaNO3 and K2HPO4$3H2O in the medium was 1.0 g L1 and 0.04 g L1,
respectively; The column diameter was 2.8 cm.
c NaNO3 and K2HPO4$3H2O in the medium was 1.0 g L1 and 0.01 g L1,
respectively; The column diameter was 2.8 cm.
d Under outdoor conditions, NaNO3 and K2HPO4$3H2O concentration was 1.0 g
L1 and 0.01 g L1, respectively.
e 60 L ﬂat plate photobioreactor.mmax, 2.15 day1, which corresponded to a dubling time of 7.74 h
(Fig. 2d; Table 2). Though higher dry weight were observed at the
concentration of 0.04 g L1, the mmax was lower (2.04 day1) than
that (2.15 day1) obtained at 0.01 g L1 K2HPO4$3H2O. As the
concentration of K2HPO4$3H2O increased to 0.2 g L1 and 0.5 g L1,
the mmax declined (Fig. 2d).
Therefore, when the concentrations of NaNO3 and
K2HPO4$3H2O were 1.0 g L1 and 0.01 g L1, respectively,
C. zoﬁngiensis cells reached the highest mmax (2.15 day1) among all
the treatments.
The feasibility of culturing C. zoﬁngiensis under outdoor
conditions To investigate the feasibility of culturing
C. zoﬁngiensis under outdoor conditions, cells grown indoor at
exponential phase were transferred into 60 L FPPs and 10 L bottles
outdoor with an initial optical density at 550 nm (OD550) of 0.080.
The culture mediumwas BG-11 with the NaNO3 and K2HPO4$3H2O
concentration set as 1.0 g L1 and 0.01 g L1, respectively.
The cells adapted to the outdoor conditions quickly in 60 L FPPs
after moving from indoor to outdoor cultivation, while a long lag
period of cell growth was observed in 10 L bottles (Fig. 3a). The
decrease of chlorophyll-a concentrations in 10 L bottles may also
indicate that the growth of cells was limited during those days
(Fig. 3b). It is likely that cells in 10 L bottles at low concentration
received toomuch light due to high rate of surface area/volume and
strong irradiance, leading to photoinhibition in the ﬁrst few days. In
the end, the mmax (0.362 day1) and maximum biomass produc-
tivity (42 mg L1 day1) achieved in 60 L FPPs were a little higher
than those obtained in 10 L bottles (Table 2). However, the ﬁnal dry
weight and chlorophyll-a concentrations obtained in 60 L FPPs
were similar to that obtained in 10 L bottles, respectively.
Under outdoor conditions, the irradiance and temperature
ﬂuctuated in wide ranges. The irradiance in those photobioreactors
tested reached up to 1800 mmol m2 s1, and the air temperatures
were 12Ce30C (Fig. 4). During the experiments, the culture
temperature in 60 L FPPs and 10 L bottles was usually
(11:30 ame5:30 pm) about 5C and 8C higher than the
FIG. 3. The growth of C. zoﬁngiensis cultured in 60 L FPPs (ﬂat plate photobioreactors)
(closed triangles) and 10 L cylindrical bottles (open squares) under outdoor conditions.
Cells at exponential phase obtained from indoor culture were inoculated into the
photobioreactors outdoor with an initial OD550 of 0.080. Data are reported as
mean  standard deviation of three samples.
FIG. 4. The ﬂuctuation of irradiance and air temperature of each day
(9:00 ame4:00 pm) under outdoor conditions in autumn: the average irradiance
(closed squares); the average air temperature (closed circles).
408 FENG ET AL. J. BIOSCI. BIOENG.,surrounding air temperature, respectively. These results showed
that C. zoﬁngiensis was able to adapt to such ﬂuctuating environ-
ment well after moving from indoor to outdoor cultivation. It was
possible to culture C. zoﬁngiensis under outdoor conditions.
The lipid production potential of C. zoﬁngiensis through
nitrogen deﬁciency under outdoor conditions The above
results showed that N deﬁciency can signiﬁcantly promote lipid
accumulation in C. zoﬁngiensis under indoor conditions. To
further evaluate the ability of C. zoﬁngiensis to accumulate lipids
under outdoor conditions, cells grown in full BG-11 medium
were transferred into 60 L FPPs with N deﬁciency medium. The
initial dry weight was 0.694 g L1. C. zoﬁngiensis cells had been
cultured outdoors for at least one generation to adapt the
outdoor conditions before the transfer. The experiments were
carried out for 2 weeks in the autumn (October to November)
with an average irradiance of 1000 mmol m2 s1
(9:00 ame4:00 pm).
Microalgal biomass was harvested from culture suspension at
the end of cultivation (14 days). The dry weight reached 0.9 g L1,
the lipid content increased from 24% (dcw, 1st day) to 41.3% (dcw,
15th day), and a lipid productivity of 26.6 mg L1 day1 was also
obtained (Table 1). According to those results, the lipid produc-
tion potential of C. zoﬁngiensis cultured in 60 L FPPs with nitrogen
deﬁciency under outdoor conditions can thus be projected to
about 31.1 kg ha1 day1. This value was calculated as following:
by placing the 60 L ﬂat plate photobioreactor
(90 cm  17 cm  45 cm ¼ length  thickness  height) ineastewest oriented (facing south) parallel rows at a distance of
0.4 m, about 19,493 reactors can be accommodated in 1 ha.
Therefore, a lipid production of 31.1 kg ha1 day1 might be
obtained, which is equivalent to about 933 kg ha1 month1.
DISCUSSION
In this study, it was demonstrated that C. zoﬁngiensiswas able to
accumulate large quantity of lipids and reached the highest lipid
content (65.1%) under N deﬁciency, which was in agreement with
previous report that N deﬁciency was an efﬁcient trigger to induce
lipid accumulation (particularly triacylglycerols) in many micro-
algae (2). The possible reason could be that the available nitrogen in
cells is utilized for synthesis of enzymes and essential cell struc-
tures under N deﬁciency, any carbon dioxide subsequently ﬁxed is
therefore converted into lipid or carbohydrate rather than protein
(14). Our study also showed that P deﬁciency was a suitable
condition for lipid accumulation in C. zoﬁngiensis as well. This
observation is similar to previous reports by Khozin-Goldberg and
Cohen (15), who suggested that lipid storage in Monodus sub-
terraneus can be increased by P deﬁciency.
For microalgal lipids to be cost competitive as a biofuel source,
a feedstock organism should contain high lipid contents (21). Our
results demonstrated that the lipid content of C. zoﬁngiensis was
evidently higher than those of some other Chlorella strains, such as,
Chlorella minutissima (57%) (4), Chlorella emersonii (63%) (4),
Chlorella vulgaris (58%) (22), C. vulgaris (56.6%) (23), Chlorella pro-
tothecoidesa (57.8%) (5). In addition, autotrophic C. zoﬁngiensis can
reach much higher lipid content than heterotrophic culture of this
alga (52%, dcw) as described previously (10). Therefore,
C. zoﬁngiensismay possess promising potential to produce lipids in
photoautrophic cultivation.
High lipid content can be usually obtained in microalgae under
nutrition deﬁciency, but the growth of cells was limited by
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concentration) and biomass productivity of C. zoﬁngiensis under N
deﬁciency or P deﬁciency conditions weremuch lower compared to
the control group. Therefore, the lipid productivity achieved under
P deﬁciency was even lower than that obtained in control group. In
fact, this phenomenon of the discrepancy in biomass productivity
and lipid content appears to be a general trait in microalgal culti-
vation (16,17,24). A two-stage cultivation process was suggested in
a few reports in order to overcome such contradiction. In the ﬁrst
stage, C. zoﬁngiensis cells grow under N and P sufﬁcient condition to
achieve high biomass concentration. In the second stage, lipid
accumulation takes place under N and P deﬁciencies (16,17,24).
C. zoﬁngiensis cells can easily accumulate abundant lipids under
stress conditions (nitrogen deﬁciency, phosphate deﬁciency). In
order to obtain high lipid productivity and lipid concentration, it is
also essential to optimize the conditions of culturing C. zoﬁngiensis
to achieve high biomass concentration and productivity in the ﬁrst
stage.
The growth experiments illustrated C. zoﬁngiensis could also
grow fast under autotrophic conditions with a remarkable mmax of
2.15 day1 (Fig. 4c; Table 2), which was higher than that
(0.769 day1) obtained with the heterotrophic cultivation of
C. zoﬁngiensis (11). It shows the promising potential of
C. zoﬁngiensis to achieve high growth rate and productivity in
autotrophic culture.
To increase the economic feasibility of biodiesel production
from microalgae, the microalgal species used should not only be
capable of growing at high speed and have the ability of accumu-
lating large amount of lipids, but also can be cultured under natural
sunlight. C. zoﬁngiensis could adapt outdoor conditions quickly and
grow well after being transferred from indoor to outdoor cultiva-
tion. The highest biomass productivity (42 mg L1 day1) obtained
in current study was similar to some other species of Chlorella re-
ported by previous reports, such as C. vulgaris (40 mg L1 day1)
(22), C. emersonii (41 mg L1 day1) (22).
However, in this study, the biomass and lipid productivities in
outdoor culture were still signiﬁcantly lower than those in indoor
cultivation (Table 1). Many factors affected the outdoor growth of
C. zoﬁngiensis, such as wide ﬂuctuation in temperature and irradi-
ance, diurnal variation, larger culture volume, different photo-
bioreactors under outdoor conditions. On sunny days, the
irradiance in those photobioreactors tested reached
1900 mmol m2 s1, while it was even lower than 60 mmol m2 s1
on rainy days (Fig. 4). The air temperatures were 12Ce30C (Fig. 4),
and the culture temperature was usually 5e6C higher than
surrounding air temperature. In addition, the light path of 60 L FPPs
was 17 cm, such long light path might decrease the light penetra-
tion into the culture, reducing the light availability within the
photobioreactors, that led to lower photosynthetic efﬁciency and
slower speed of lipid accumulation in cells (25,26). As a result, the
biomass and lipid productivities in outdoor culture were obviously
lower than that in indoor cultivation. Although the results pre-
sented here demonstrated the feasibility to grow C. zoﬁngiensis
under outdoor conditions, further research should be focused on
optimizing the light path of photobioreactors and other culture
conditions outdoors in order to increase the biomass and lipid
productivities of C. zoﬁngiensis outdoors.
Culturing microalgae under natural sunlight is an effective way
to reduce the cost of biodiesel production from microalgae.
However, almost all the previous research focused on indoor
cultivation of Chlorella for producing biodiesel, few studies dealt
with cultivation under outdoor for biodiesel production. The
present study showed that the lipid production potential of
C. zoﬁngiensis obtained under outdoor in this study was about
31.1 kg ha1 day1. Much higher lipid productionmight be achieved
by improving the photobioreactors used in current study. Forexample, short light path can keep the dark zones at a minimum,
steep light gradients, increase the photosynthetic efﬁciency and the
biomass (dry weight) of cells (25,26). Therefore, if such long light
path (17 cm) can be shortened, much higher biomass (dry weight)
may be obtained before large amount of lipids were accumulated in
cells. As a result, the ﬁnal lipid production can be increased.
Although the lipid production obtained and the scale attempted
here are both far from that of commercial production, it seems clear
that C. zoﬁngiensis has promising potential for lipid production
under outdoor conditions.
In conclusion, the results obtained indicated clearly that
C. zoﬁngiensis has the ability to accumulate abundant lipids and
achieve high biomass concentration and productivity in autotro-
phic culture. C. zoﬁngiensis could adapt ﬂuctuating temperatures
and irradiance of outdoors, and it is possible to culture
C. zoﬁngiensis under outdoor conditions for lipid production.
Therefore, C. zoﬁngiensis possesses promising potential for bio-
diesel feedstock production. However, the facts that mmax, biomass
productivity and lipid productivity obtained outdoors were much
lower than those obtained under indoor conditions suggest that
further research should be focused on optimizing culture condi-
tions outdoors for improving biomass productivity and lipid
productivity of C. zoﬁngiensis.
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